INTRODUCTION
shows a turtle optic nerve that was rapid frozen, fractured, shallow-etched, and rotary shadowed, as described by Schnapp & Reese (1982) . This electron micrograph (50,000 x )
shows two organelles in a dense network of neurofilaments and cross-bridging elements. The arrow points to amicrotubule in the fracture plane. Panel B shows the squid giant axon viewed by video-enhanced differential interference contrast microscopy (10,000 x ), as previously described (Allen et a1 1982; Vale el a1 1985a). Neurofilaments are not visible by this technique, but individual microtubules can be discerned; one can be seen between the two arrows. Transport of vesicles (triangle) along this microtubule was observed in real time. An elongate organelle believed to be a mitochondrion (M) is also indicated. These photographs (courtesy of Dr. B. Schnapp) are examples of morphological information that can be used to approach problems of motility in cells, and they demonstrate the complexity of the axonal cytoskeleton.
skeletal and cross-bridging elements (Schnapp & Reese 1982; Hirokawa 1982; Ellisman & Porter 1980) (Figure l ), but no ordered structural array that might be involved in motility was evident. Such findings emphasized the importance of studying organelle transport outside the confines of the Annual Reviews www.annualreviews.org/aronline intact cell. The first step in this direction was made by Brady et al (1982) , who discovered that fast axoplasmic transport continues in extruded squid axoplasm in much the same fashion as in the intact axon. When attempts were later made to dissociate the highly cross-linked axonal cytoskeleton, it was discovered that organelles continue to move along single filaments separated from the intact axoplasm Brady et a11985; Vale et al 1985a) . Examination of organelle movement in disrupted axoplasm revealed certain properties of the transport machinery. For example, all organelles, regardless of their size, move continuously and at the same velocity (~2 /~m/sec) along isolated filaments. In contrast, in intact axoplasm organelles move discontinuously, and large organelles, such as mitochondria, move at a slower rate than smaller vesicular organelles (Vale et al 1985a) . These results suggest that differences in transport velocities in the intact axon are most likely due to greater impedance of large organelles by the meshwork of highly interconnected filaments in cytoplasm and are not due to different classes of organelles utilizing different motors.
The finding that organelle transport occurs in dissociated axoplasm indicated that the intact cytoskeleton is not required for this type of movement and that discrete filaments serve as tracks for organelle transport. A combination of video and electron microscopy was used to identify single mierotubules as the organelle transport filaments in the squid giant axon (Schnapp et al 1985) , in the fresh water amoeba Reticulomyxa (Koonce & Schliwa 1985) , and in fibroblasts in culture (Hayden & Allen 1984) . All of these studies also revealed that single microtubules support bidirectional movement of organelles. This finding was surprising because microtubules have an intrinsic polarity dictated by the repetitive arrangement of asymmetric tubulin dimers in the lattice. (The two ends of the microtubule have been defined as "plus" and "minus" based upon their faster and slower rates of tubulin assembly, respectively.) In contrast to organelle transport, the machineries for muscle contraction, i.e. myosin movement along actin filaments (Adelstein & Eisenberg 1980; Warrick & Spudich, this volume) , and for ciliary motility, i.e. dynein movement along microtubule outer doublets (Gibbons 1981) , generate unidirectional movement.
Individual organelles, however, only move in one direction on a microtubule and rarely change direction Schnapp et al 1985) . When individual organelles move in opposite directions on a single filament (see Figure 2 ), they pass one another without colliding. This observation indicates that micro tubules have multiple "motility tracks," which perhaps correspond in molecular terms to the protofilaments that comprise each microtubule. Annual Reviews www.annualreviews.org/aronline 352 VALE Figure 2 Two distinct rranslocators are probably responsible for bidirectional organelle movement along microtubules. In dissociated squid axoplasm, single microtubules support organelle movement in both directions, although individual organelles tend to move in only one direction. Panel B shows two organelles (triangles) moving in opposite directions along a microtubule and passing one another without colliding (from Schnapp et al 1985) . In a crude axoplasmic supernatant (S la), latex beads also move in both directions along single microtubules, although unlike organelles, single beads move discontinuously and frequently reverse direction, Bead movement toward the plus end of the microtubule (anterograde transport) is induced by kinesin, since this activity is retained by an anti-kinesin monoclonal antibody column (Panel A). In contrast, the translocator that induces retrograde movement does not interact with this antibody, which indicates that it differs from kinesin. This conclusion is also supported by experiments summarized in Table 2 .
The identification of molecules that generate microtubule-based movement was aided by the ability to reconstitute organelle movement in vitro.
Initial studies showed that organelles isolated from axoplasm or purified synaptic vesicles (Schroer et a1 1985) undergo directed transport when injected into squid giant axons. Two subsequent studies demonstrated that isolated squid axoplasmic organelles, in the presence of ATP, move along salt-extracted axonemes (Gilbert et a1 1985) or taxol polymerized squid microtubules (Vale et a1 1985b) at velocities similar to those reported in axons. Surprisingly, however, a high-speed axoplasmic supernatant increased the number of organelles moving along purified microtubules and, even in the absence of axoplasmic organelles, caused microtubules to bind to and move along the surface of glass coverslips (Vale et a1 1985b) . The latter phenomenon was also observed with micro-tubules in dissociated axoplasm . This unusual ATP: driven movement of microtubules appears to be generated by a soluble protein that binds to glass, since microtubules also moved on coverslips that were exposed to supernatant and subsequently washed (Vale et al 1985b) . The soluble microtubule motor also interacts with carboxylated latex beads, causing them to bind to and translocate along microtubules very much as organelles do, although at a threefold slower velocity (Vale et al 1985b) . Similar events may also occur in living cells, since carboxylated beads exhibit directed movement when microinjected into axons (Adams & Bray 1983) or cultured fibroblasts (Beckerle 1984) . The results from these reconstitution experiments support a model of a soluble enzyme (kinesin) that binds to glass coverslips, charged beads, and organelles and generates a translocating force along microtubules (Figure 3 ). Low-speed supernatants from axoplasm support bidirectional movement of latex beads along microtubules (Vale et al 1985d) , which suggests the presence of a second motor in addition to kinesin, as discussed in a later section.
Or~Tanelle Transport in Nonneuronal Cells
Organelle transport along microtubules has also been studied in a variety of nonneuronal cells, and within the last five years, several laboratories BEAD VESICLE
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Fipure 3 A hypothetical scheme showing how kinesin may induce movement of organelles, carboxylated beads, and microtubules. Kinesin, through a charge interaction, binds to glass coverslips, causing microtubules to translocate along the glass surface, or to carboxylated latex beads, causing these structures to translocate along the surface of the microtubule. Although translocators are presumably oriented randomly on the glass and bead surfaces, only those molecules with the proper orientation relative to the microtubule are capable of generating force. Kinesin interacts with organelles through a membrane-bound protein and causes organelles to translocate along microtubules at three to four times the rate of bead movement. The direction of organelle and bead movement towards the plus end of the microtubule is opposite the direction of microtubule movement on glass, as indicated by the arrows.
Annual Reviews www.annualreviews.org/aronline have succeeded in reactivating transport in detergent-permeabilized cells (Stearns & Ochs 1982; Clark & Rosenbaum 1982; Forman 1982; Koonce & Schliwa 1986; Rozdzial & Haimo 1986a; Kachar et al 1987; M. A. 'McNiven & K. R. Porter, personal communication) . Chromatophores, which respond to external stimuli by aggregating or dispersing their pigment granules, have been the focus of considerable attention (McNiven Porter 1984) . The centripetal and centrifugal granule movements change the coloration of these neural crest~terived cells. Some unique advantages of studying organelle transport in these cells rather than axons are that the transported pigment granules are large and homogeneous and their movement can be triggered by hormonal or neuronal stimulation, which controls movement using cAMP or Ca 2 + as second messengers (McNiven & Porter 1984) . Because detergent-permeabilized chromatophores require cAMP or Ca 2+ for activation of granule movement (Clark & Rosenbaum 1982; Rozdzial & Haimo 1986a; Stearns & Ochs 1982; M. A. McNiven & K. R. Porter, personal communication) , the activation process can be studied with pharmacological inhibitors, nucleotide analogues, and protein kinases and phosphatases. The giant freshwater amoeba Reticulomyxa is another interesting cell in which to examine reactivated organelle transport (Koonce & Schliwa 1986) . After detergent extraction, many organelles in this cell remain attached to a filamentous network comprised of microtubules and actin and undergo rapid (20 #m/sec) linear movements along microtubules after addition of ATP. Organelle movement in this in vitro system does not require soluble components, as movement can be activated even after the network has been washed several times. Bidirectional movement of various types of organelles along microtubules has been observed in crude homogenates of sea urchin eggs (Pryer et al 1986) and Acanthamoeba cells (Kacher et al 1987) . The latter two studies found that latex beads moved along microtubules and that purified microtubules moved along the surface of glass coverslips in the presence of ATP and crude homogenates, as was observed in squid axon preparations.
Several properties of organelle transport, including nucleotide requirements and transport rates, differ significantly in Reticulomyxa, chromatophores, and axons. This variability suggests some divergence and specialization of microtubule-based transport systems and perhaps even reflects different mechanisms. Furthermore, it should be emphasized that organelle transport is not exclusively microtubule based and occurs along actin filaments in some lower eukaryotes and plants (Adams & Pollard 1986; Schliwa 1984) . On the other hand, the properties of organelle transport in sea urchin eggs, nonneuronal vertebrate cells, and axons are very similar; a force-generating protein that may be involved in organelle transAnnual Reviews www.annualreviews.org/aronline port has been purified from all of these cell types, as discussed in the next section.
CANDIDATES FOR ORGANELLE TRANSPORT MOTORS

Kinesin
PURIFICATION USING IN VITRO MOTILITY ASSAYS Microtubule movement on glass and bead movement along microtubules provided powerful assays for purifying the soluble mierotubule-based motor. Purification schemes were devised based upon pharmacological experiments that showed that AMP-PNP, a nonhydrolyzable ATP analogue, induces stable associations between organelles and microtubules, a phenomenon that could be explained by a rigorlike attachment of the organelle motor to microtubules . When analogous biochemical experiments were conducted with supernatants that contained the soluble translocator and purified microtubules, a polypeptide of 110-134 kDa from squid, chicken, and bovine neuronal tissues (Vale et al 1985c; Brady 1985) and from sea urchin eggs (Scholey et al 1985) associated with microtubules in the presence, but not the absence, of AMP-PNP. Using microtubule movement as an assay of translocator activity, this protein was demonstrated to be associated with motile activity. It was purified by microtubule affinity followed by gel filtration and hydroxyapatite chromatography and named "kinesin," from the Greek root "kinein," meaning to move (Vale et al 1985c) . Squid kinesin has also been purified in an active form by affinity chromatography with a monoclonal antibody that specifically recognizes the l l0-kDa squid polypeptide (Vale et al 1985d) . More recently, other methods for purifying kinesin have been developed that employ microtubule affinity in the presence of tripolyphosphate (Kuznetsov & Gelfand 1986) or in the absence of nucleotides (R. D. Vale, manuscript in preparation; S. A. Cohn, A. L. Ingold, J. M. Scholey, manuscript in preparation) . Although hundreds of micrograms of kinesin can be obtained with these methods, kinesin is much less abundant in neurons than myosin is in muscle or dynein is in ciliated cells, and obtaining milligram quantities of pure protein is currently a difficult task.
BIOCHEMICAL AND MOTILE PROPERTIES Purified kinesin induces unidirectional movement of microtubules on glass and of beads on microtubules that is indistinguishable from that induced by high-speed axoplasmic supernatants. Thus a completely defined in vitro system exists in which to study the motile properties of this force-generating enzyme. The direction of movement of kinesin-coated beads is always towards the plus end of Annual Reviews www.annualreviews.org/aronline VALE thc microtubules (Vale et al 1985d) . Most microtubules in axons are aligned with their plus ends towards the nerve terminal (Burton & Paige 1981; Heidemann et al 1981) ; hence this direction corresponds to anterograde transport in the axon, Kinesin isolated from squid neuronal tissue is composed of 110, 65, and 70 kDa polypeptides in a stoichiometric ratio of four 110 kDa polypeptides to one 65 and one 70 kDa polypeptide (Vale et al 1985c) . These polypeptides coelute on a variety of columns, including the monoclonal antibody affinity column, and cannot be separated from one another at high salt concentrations, which indicates that they form a tightly associated complex. An 80-kDa polypeptide coelutes with squid kinesin in various types of columns; however, it is found in variable and often substoichiometric amounts and does not appear to be an 'integral part of the complex. Kinesin from mammalian brain is similar to the squid protein: It consists of 120-130 and 62 kDa polypeptides present in a stoichiometry of two to one (Vale et al 1985e; Kuznetsov & Gelfand 1986; Amos 1987) ; however, the study by Kuznetsov & Gelfand (1986) has raised the possibility of the presence of additional subunits or associated proteins. The apparent molecular weight of native squid and bovine kinesin, as judged by gel filtration chromatography, is ~600,000; however, an accurate molecular weight determination, which would allow the quaternary structure of kinesin to be ascertained, has not been reported.
Kinesin isolated from sea urchin eggs consists of a prominent 130-kDa polypeptide; the existence of a light chain has not been reported (Scholey et al 1985) . Its motile properties in vitro and pharmacological sensitivities to NEM and vanadate are similar to those of squid kinesin , and antibodies prepared against kinesin from either squid or sea urchin will react with kinesins from both species (Scholey et al 1985) . kinesinlike protein has also been partially purified from Aeanthamoeba that produces movement of latex beads along microtubules at six times the rate seen with squid or bovine kinesin (Kachar et al 1987) . Thus there is variability across species in molecular weight and velocity of kinesin movement along microtubules; however, certain domains must be conserved since antibodies against squid kinesin recognize similar polypeptides in many species, including mammals (M. Sheetz, R. D. Vale, unpublished observations). A cDNA clone encoding the 110-kDa polypeptide of Drosophila kinesin has been cloned (Yang et al 1987) ; howe-~¢r, it is not yet clear whether kinesin belongs to a multigene family.
The biochemistry and enzymology of kinesin are in their early stages. Investigations of how this protein generates movement will to some extent draw upon methodologies and ideas that have emerged from over two Annual Reviews www.annualreviews.org/aronline decades of research on myosin and dynein. However, it is already clear that kinesins are distinctly different from these other force-generating proteins in polypeptide composition and enzymology, as summarized in Table 1 . Unlike myosin, kinesin does not generate movement on actin filaments (Pryer et al 1986) , and although ciliary dynein and kinesin both utilize microtubules, they generate movement in opposite directions along the polymer (Sale & Satir 1977; Vale et al 1985d) . Furthcrmore, kinesininduced motility is much less sensitive to the sulfhydryl alkylating reagent N-ethyl-maleimide (NEM) than is myosin-or dynein-induced motility and is less sensitive to vanadate than is dynein-based motility (Vale et al 1985c; Porter et al 1987) .
Electron microscopy ofkinesin by rotary shadowing or negative staining indicates that it is an elongated molecule ,-~ 100 nm long, consisting of a large globular domain connected by a stalk, which may have a flexible joint, to a smaller and possibly forked domain (Amos 1987; Vale et al 1985e) . Current evidence suggests that the smaller domain attaches to the microtubule in a nucleotide-sensitive manner, and hence the larger domain may be the site of attachment to beads and organelles (Amos 1987) . is unclear, however, how this morphology is related to the polypeptide composition of kinesin. Lye et al 1987; and kinesin, Vale et a11985c, Scholey et al 1985, Porter et al 1987. b Apparent molecular weight derived from gel filtration chromatography.
Annual Reviews www.annualreviews.org/aronline VALE Kinesin may have two microtubule binding domains, since kinesin aggregates and moves purified microtubulcs relative to one another in solution (Vale et al 1985b,c) . Recent morphological studies have shown that individual kinesin molecules can cross-bridge two microtubules (Amos 1987 ; B. J. Schnapp & T. S. Reese, unpublished observations). It is still unclear from these observations whether a single kinesin molecule has two distinct microtubule binding sites (like dynein) or interacts with a second microtubule by charge, which would be analogous to its association with carboxylated beads.
Kinesin requires a nucleotide to produce movement (preferably ATP: Km for motility ~ 50/~M ATP; Porter et al 1987; Schnapp et al 1986) , and the 110-kDa kinesin polypeptide from squid was demonstrated to bind ATP (Gilbert & Sloboda 1986) . Although kinesin has a low ATPase activity in solution (Vale et al 1985c; Scholey et al 1985) , the ATPase activities of bovine brain (Kuznetsov & Gelfand 1986 ) and sea urchin egg kinesins (Cohn ct al 1987) , as well as that of a kinesinlike protein from Acanthamoeba (Kachar et al 1986) , are all stimulated by microtubules. Thus the enzymatic activity of kinesin, like those of myosin and dynein, appears to be coupled to motility. Indeed, inhibitors of kinesin-induced movement, such as vanadate, AMP-PNP, and ATP in the absence of magnesium, also decrease the microtubule-activated ATPase activity (Cohn et al 1987) . The ATPase activity of kinesin can be activated without microtubules in the presence of millimolar calcium, but it is not activated by high salt and EDTA, conditions that stimulate the myosin ATPase (Kuznetsov & Gelfand 1986) .
Microtubule activation of kinesin ATPase activity suggests that hydrolysis is tightly coupled to microtubule binding and force production. However, it is not possible at the present time to put together a complete picture of the steps in kinesin's mechanochemical cycle. Although it has been hypothesized that ATP induces attachment of kinesin to microtubules (Hill 1987; , binding experiments show that ATP dissociates kinesin from microtubules and that depletion of ATP (or depletion of magnesium in the presence of ATP) induces a strong binding state ofkinesin for microtubules (S. A. Cohn, A. L. Ingold & J. M. Scholey, manuscript submitted; R. D. Vale, manuscript submitted), which could be analogous to the strong binding states of dynein (Johnson 1985) and myosin (see Warrick & Spudich, this volume) . Based upon such results, one can imagine a cycle similar to those described for myosin and dynein in which (a) ATP dissociates kinesin from microtubules; (b) ATP hydrolysis occurs in solution, followed by rebinding of kinesin to a microtubule; (c) ADP and Pi are released from kinesin bound to microtubules; and (d) ATP binds and dissociates kinesin from microtubules to begin the cycle Annual Reviews www.annualreviews.org/aronline 359 anew. However, the effects of nonhydrolyzable ATP analogues suggest that perhaps the mechanochemical cycle of kinesin is not as similar to those of myosin and dynein as is suggested by this simple scheme. AMP-PNP weakens the interaction between myosin and actin (Greene & Eisenberg 1980) and between dynein and microtubules (Mitchell & Warner 1981) , whereas it induces a stable interaction of kinesin and microtubules. In this respect, kinesin is similar to elongation factor Tu, which forms a stable complex with ribosomes in the presence of GMP-PNP (Kaziro 1978) . The AMP-PNP-induced strong binding state may also be distinct from the binding state induced by ATP depletion. One piece of evidence in favor of this idca is that movement of microtubules on glass, which occurs instantaneously when ATP is added to kinesin bound to microtubules by ATP depletion, is observed only after a one minute delay when ATP is introduced to kinesin bound to microtubules with AMP-PNP (Schnapp et al 1986) .
BIOLOGICAL ROLES FOR KINESIN Although a great deal has been learned about kinesin motility in vitro, little is known of how kinesin functions in cells. That kinesin has been detected by immunoblotting and has been purified from nonneuronal and neuronal tissues suggests that it participatcs in some ubiquitous and fundamental form(s) of intracellular microtubule-based motility. The existence of a soluble pool of kinesin suggests that this protein may be involved in more than one type of motility process; the two most likely are organelle transport and mitosis. Evidence of kinesin's involvement in these processes is discussed below.
Since axons are a rich source of kinesin and kinesin is capable of transporting latex beads along microtubules, one could infer that this protein serves as a motor for axonal transport of organelles. Perhaps the most compelling findings favoring a role for kinesin as an organelle motor are that AMP-PNP induces a rigor attachment of both purified kinesin (Vale et al 1985c; Scholey et al 1985; Brady 1985) and axoplasmic organelles to microtubules . These results implicate kinesin as the molecule responsible for the formation of cross-bridges between organelles and microtubulcs, although it is possible that other motor proteins also attach to microtubules in the presence of AMP-PNP. Another finding consistent with the hypothesis that kinesin serves as a motor for axonal transport is that vanadate inhibits both kinesin-induced microtubule movement on glass and organelle transport in vitro (Vale et al 1985b,c) and in vivo (Forman et a11983) at similar concentrations. Since these results suggest, but do not prove, that kinesin is involved in organelle transport, it is still premature to classify kinesin as an organelle motor. A direct demonstration of specific kinesin association with organelles, Annual Reviews www.annualreviews.org/aronline VALE inhibition of organdie transport using anti-kinesin antibodies, and conclusive reconstitution of organelle motility using purified kinesin must be performed before this conclusion can be reached. Scholey et al (1985) have shown by light level immunocytochemistry that kinesin is localized in the mitotic spindle of dividing sea urchin eggs, where it may be associated with a spindle matrix (Leslie et al 1987) . Currently, there is no other evidence regarding kinesin's function in mitosis, although several possibilities are discussed in recent articles (Mitchison 1986; Vale et al 1986) .
Cytoplasmic Dynein and Other Possible Motors
Cytoplasmic proteins with high molecular weight polypeptide chains (~ 400 kDa) have been purified that have dyneinlike characteristics, such as binding to microtubules and high ATPase activity (Pratt 1980; Hisanga & Sakai 1983; Hollenbeck et al 1984; Scholey et al 1984; Asai & Wilson 1985; Vale et al 1985c; Hollenbeck & Chapman 1986) . The ATPase activity of these proteins, like that of flagellar dynein, is inhibited by vanadate and can be activated by Triton X-100 (Asai & Wilson 1985) . However, these cytoplasmic dyneins are not simply precursors of flagellar dyneins, since proteolytic digest patterns indicate that the two are similar but not identical (Pratt 1986a) , and certain antibodies against cytoplasmic dynein do not react with flagellar dynein (Pratt et al 1987) . Furthermore, a cytoplasmic dynein has been isolated from Caenorhabditis ele#ans, an organism that does not produce motile cilia or flagella (Lye et al 1987) .
Although it has been widely assumed that cytoplasmic dynein is a mechanochemical enzyme, only the study performed with the dynein from C. elegans has shown that a cytoplasmic dynein produces movement; in this case, microtubule movement along glass coverslips was observed (Lye et al 1987) . The rate of microtubule movement on glass induced by this dynein is 2-3 times faster than that induced by kinesin, and this movement exhibits greater sensitivity to NEM and vanadate than does kinesininduced movement (Table 1) . Surprisingly; this protein and kinesin generate movement in the same direction on the microtubule lattice whereas ciliary dynein induces movement in the opposite direction (Sale & Satir 1977) .
The biological roles of cytoplasmic dyneins, like those of kincsin, are not established. Early studies found cytoplasmic dynein localized in the mitotic apparatus, which suggested that this protein might generate mitotic microtubule-based movements (Piperno 1984) . A recent study by Pratt al (1987) found that sea urchin cytoplasmic dynein copurifies with vesicles in sucrose gradients and appears to be attached to these vesicles, as determined by electron microscope immunocytochemistry. This study raises the Annual Reviews www.annualreviews.org/aronline possibility that cytoplasmic dynein may be an organelle transport motor, although additional evidence to support this notion has not been obtained.
Another strategy for identifying possible organelle transport motors has been to examine isolated vesicle or microtubule fractions for associated proteins that have characteristics of a force-generating enzyme, such as ATPase activity, and the ability to bind to microtubules. Neither of these characteristics is a sufficient criterion for an organelle transport motor since the major ATPase in cycled microtubule preparations is not a mechanochemical enzyme but is a vesicle-associated proton pump similar to the F1 ATPase of mitochondria (Murphy et al 1983) . Recently, however, high-molecular weight protein associated with vesicles from squid axoplasm has been identified that is a promising candidate for a motor. It binds ATP and microtubules, has ATPase activity, and cross-reacts with an antibody to MAP-2 (Gilbert & Sloboda 1986; Pratt 1986b ). This protein, however, has not been purified and shown to generate microtubule-based motility.
BIOCHEMICAL AND STRUCTURAL CHARACTERISTICS OF ORGANELLE TRANSPORT
Association of Motility Proteins with Organelles
Several studies have shown that motors for transporting organelles are located on the vesicle surface rather than on the microtubule (Gilbert et al 1985; Vale et al 1985b; Miller & Lasek 1985; Langford et al 1987) . Since not all organelles in cells are actively transported, however, there must be mechanisms for regulating the association of motility proteins with organelles and/or their activation once bound to the organelle. Unlike kinesin's electrostatic interaction with glass coverslips or latex beads, its association with organelles may involve a membrane-associated protein, since pure phospholipid vesicles and trypsinized organelles do not move along microtubules even in the presence of supernatants containing active kinesin (Gilbert et al 1985; Schroer et al 1985; Vale et al 1985b) . How could membrane-associated proteins participate in organelle transport? One possibility is that such proteins act as receptors that reversibly bind microtubule motors from a soluble pool. Motility proteins may dissociate from such receptors very slowly, since organelles separated from soluble components in a sucrose gradient exhibit ATP-dependent movement on microtubules (Gilbert et al 1985; Vale et al 1985b) . This receptor model predicts saturable and reversible binding of motility proteins to specific receptors present on all organelles transported in the same direction along microtubules. Synapsin I, a protein found in nerve terminals that interacts with synaptic vesicles and eytoskeletal elements (Huttner et al Annual Reviews www.annualreviews.org/aronline 1983), may bind to an organelle receptor. Alternatively, motility proteins may associate with vesicles by direct insertion into lipid bilayers either by unmasking a hydrophobic domain or through a covalently bound lipid.
Once they are bound to organelles, how many motility proteins are required for movement, and what is their spatial arrangement on the organelle surface? From an energetic standpoint, few motility proteins are required to move organelles. Simple calculations reveal that ATP hydrolysis by a single force-generating enzyme provides sufficient energy to move a 1 #m spherical organelle at a velocity of 2/~m/sec, since such objects experience little viscous drag as they move through an aqueous environment (Sheetz & Spudich 1983) . The stepping distance and cycling time of the motor, however, will determine how many motors are actually needed to generate movement at a given velocity. These :values are not known for kinesin. Nonetheless, probably less than five motors per organelle are needed to generate organelle movement at 2 #m/sec, since morphological studies reveal less than 5 cross-bridging structures linking squid axoplasmic organelles to microtubules (Gilbert et al 1985; Miller Lasek 1985; Langford et al 1987) . Thus the number of molecules responsible for translocating organelles appears to be much smaller than the large number of myosin heads that interact with actin filaments in muscle or dynein heads that interact with microtubules in ciliary outer doublets.
One can only speculate as to how so few force-generating proteins produce organelle movement. Observations of asymmetric mitochondria translocating with only one end attached to the microtubule suggest that organellcs "walk" rather than "roll" on microtubules (Vale et al 1985a) . Recent motion analysis of kinesin-induced bead translocation indicates that this movement can follow a single protofilament track (Gelles et al 1987) . In order for an organelle or bead to "walk" along a protofilament, either (a) two or more cross-bridges must be involved so that attachment to the microtubule is maintained while a cross-bridge dissociates, or (b) single cross-bridge maintains attachment during movement. The latter hypothesis is not thought to be true for myosin and dynein, which dissociate from their filaments and reattach in a cyclic fashion.
The characteristics of bidirectional bead movement along microtubules are consistent with the notion that bead movement is generated by a single or a few motors. If individual cross-bridges mediating anterograde or retrograde movement were randomly distributed on the bead, one would predict a "tug of war" resulting in little net displacement of the bead. However, movements of beads for distances of 10/~m in either the anterograde or retrograde directions are often observed. This unidirectional motion must either be generated by several cross-bridging arms of one motor species that are in close proximity and oriented properly with Annual Reviews www.annualreviews.org/aronline respect to the microtubule lattice or by a single cross-bridge that generates movement until a motor of the opposite polarity is engaged. If multiple cross-bridges are involved, then the force-generating proteins themselves must be composed of more than one cross-bridging arm, like ciliary dynein, or must self-associate to form clusters on the bead surface. It is also possible that these cross-bridges work in some coordinated fashion to maxinfize contact with the microtubule during movement. The questions raised by these observations point to the need for an examination of the actions of one or a few motor proteins engaged in movement in order to develop an understanding of the molecular mechanism of organelle transport.
Direction of Movement on the Microtubule Lattice
Axoplasmic organelles translocate in both directions along microtubules in vivo, yet purified kinesin generates movement only towards the plus end of the microtubule (anterograde direction). How then are organelles transportcd along microtubulcs in the retrograde direction? Is kinesin or a kincsinlike molecule modified to reverse its direction of movement on microtubules, or is another type of microtubule motor protein involved in this process?
Results obtained using the squid giant axon support the latter hypothesis. As discussed previously, bidirectional movement of latex beads along centrosomal microtubules is observed in the presence of a low-speed supernatant from axoplasm to which Triton X-100 has been added to solubilize vesicular components (Vale et al 1985d) . The movement of the beads for short distances in alternating directions suggests that two opposing motors are bound simultaneously to the bead surface. These movements are in some respects similar to the oscillatory movements of chromosomes in prometaphase (Tippet et al 1980; Bajer 1982) . Bidirectional bead movement has also been described in homogenates of sea urchin eggs (Pryer et al 1986) , Reticulomyxa (Koonce & Schliwa 1986) , and Acanthamoeba (Kachar et al 1987) . The characteristics of anterograde bead movement axons suggest that it is powered solely by kinesin (Table 2 ). In contrast, retrograde movement has distinctly different characteristics, such as a twoto threefold greater velocity and greater sensitivity to NEM and vanadate (Table 2) . Furthermore, a monoclonal antibody against kinesin does not recognize the retrograde translocator (Figure 2) . Taken together, these data suggest that retrograde movement along microtubules in axons is generated by a protein other than kinesin. Similarly, bidirectional movement of chromatophore pigment granules along unipolar microtubule arrays appears to be driven by different motors that exhibit different nucleotide sensitivities (Rozdzial & Haimo 1986b) . The retrograde motor from axons or chromatophores has not been purified; however, inhibition Annual Reviews www.annualreviews.org/aronline of its motility by NEM or vanadate indicates that it may be similar to dynein.
A PERSPECTIVE IN VIVO
Reconstitution of organelle transport in vitro allows this process to be studied in the presence of a minimal number of components. Ultimately, however, one would like to understand how organelle transport functions in the context of the whole cell. How does the organization of cellular microtubules influence motility? How is the direction of organelle transport in cells determined? What cellular processes require microtubule-based transport? Certain insights into these questions have been gained from a variety of in vitro and in vivo experiments, which are discussed in the following section.
Role of Microtubule Polarity and Motility Proteins in Organelle Sorting within the Cell
CELLULAR MICROTUBULES ~Sd~E HETEROGENEOUS, YET UNIFORMLY ORIENTED
Microtubules in cells are not randomly oriented. The vast majority of microtubules in most cells are nucleated and assembled from the centrosome, a microtubule-organizing center that consists of a pair of centrioles surrounded by a halo of proteinaceous material (Figure 4) . Virtually all microtubules assemble from centrosomes with their minus ends anchored to the centrosome and their plus ends radiating toward the cell periphery (Bergen et al 1980) . In axons microtubules are nucleated from unidentified structures that are not centrosomes, yet the polarity of the microtubules is the same: the plus ends point toward the distal nerve terminal (Burton & Paige 1981; Heidemann et al 1981) . This uniform polarity of cytoplasmic microtubule networks is found in virtually all eukaryotic cells. An interesting exception, however, are dendrites of olfacAnnual Reviews www.annualreviews.org/aronline Figure 4 Potential roles of microtubule polarity and motility proteins in cell sorting. Panel A illustrates that while single latex beads move in both directions on microtubules, organelles move in only one direction. This result suggests that latex beads bind both anterograde and retrogradc translocators, whereas organelles appcar to sclcctively bind or activate only one polarity-specific motor at a time. Such selectivity could be controlled by receptors on the organelle surface. Panel B shows immunofluorescence staining of a fibroblast cell with an anti-tubulin antibody and a second rhodamine-conjugated antibody. Microtubules originate from the centrosome as a unipolar array with thc microtubule plus ends oriented towards the cell periphery. Hence, organelles that bind an anterograde translocator, such as kinesin, will be transported along this unipolar microtubule network to the cell periphery or, in the case of a neuron, down the axon to the nerve terminal. Conversely, organelles that bind or activate a retrograde motor will be transported from the periphery or nerve terminal to the center of the cell. (Photograph courtesy of Dr. M . Kirschner.) tory neurons, in which microtubules are nucleated by basal bodies in the dendritic bulb and their plus ends extend towards the neuronal cell body (Burton 1986 ). It is not clear whether dendritic microtubules of other neurons are also organized in this fashion.
The uniform orientation of microtubules indicates that microtubule polarity could serve as a "compass" by which particles could navigate in the cytoplasm (Figure 4) . Since the centrosome is generally found in the center of the cell close to the nucleus, microtubules originating from this structure provide tracks from the interior to the periphery of the cell. Thus an object in the cytoplasm, such as an organelle, could be directed toward the interior (minus end) or periphery (plus end) of the cell by the polarity of the microtubule lattice. Actin filaments also have intrinsic polarity, and many are nucleated with the same polarity from sites on the plasma membrane. However, these filaments are not organized in a manner that Annual Reviews www.annualreviews.org/aronline provides satisfactory cues for directional movement between the center and periphery of the cell (Sanger & Sanger 1980; Heuser & Kirschner 1980) . Although most microtubules in cells have the same polarity, they differ in other ways. Most microtubules are short-lived structures that continuously depolymerize at their plus ends and repolymerize from the centrosome (Schulze & Kirschner 1986; Soltys & Borisy 1985; Saxton et al 1984) . Because of this "dynamic instability" of single microtubules (Mitchison Kirschner 1984) , the microtubule network as a whole is constantly changing, which allows cells to alter their morphology rapidly (Kirschner Mitchison 1986) . A subset of cellular microtubules, however, are remarkably stable (half-life of 50 rain) and are resistant to depolymerization nocodazole (Schulze & Kirschner 1987) . These stable microtubules are commonly found in cell regions associated with secretion or organelle transport (Sehulze & Kirsehner 1987; Brady et al 1984) . Many stable microtubules are posttranslationally modified along their length by detyrosination (Gunderson et al 1984) , acetylation (LeDizet & Piperno 1986 ), or phosphorylation (Gard & Kirschner 1985) . Microtubules can also comprised of different tubulin isotypes, which are encoded by different tubulin genes (Cleveland & Sullivan 1985) , and may interact with a variety of microtubule-associated proteins (Vallee & Bloom 1984) . Such posttranslational or genetic variations could give rise to microtubules that behave differently as substrates for organelle transport, thereby providing means of preferentially directing organelle traffic to particular regions of the cell.
POLARITY-SPECIFIC TRANSLOCATORS AS DETERMINANTS OF ORGANELLE TRANS-
PORT DIRECTION The direction of organelle transport is probably specified by molecules on the organelle surface. Evidence for this idea comes from comparison of the movement of latex beads with that of organelles ( Figure  4 ). In the presence of crude axoplasmic supernatant, latex beads move discontinuously and frequently reverse their direction of movement on microtubules. These observations suggest that the beads do not selectively bind anterograde or retrograde translocators and hence have no means of controlling their direction of transport. In contrast, individual organelles in axons tend to move in a single direction Schnapp et al 1985) . Therefore, neuronal vesicles appear to bind and activate only one polarity-specific motor at a time. This specificity may be mediated by receptors on the organelle membrane, as discussed previously. The idea that there is one active motor on a given vesicle may not necessarily hold true in all cells. In neurons, the distances are so great that the direction of organelle transport must be controlled with high fidelity to insure proper Annual Reviews www.annualreviews.org/aronline 367 delivery to the target. However, some reversal of direction probably does occur, since radiolabelled proteins moving rapidly in the anterograde direction can reverse direction and return to the cell body prior to reaching the terminal (Bisby & Bulgar 1977; Smith 1980) . In some nonneuronal cells, however, organelle transport may be used as a means of mixing the contents of the cytoplasm, in which case it would be advantageous to switch the direction of transport of a single vesicle more frequently. Consistent with this idea is the observation that organelles in Reticulomyxa reverse their direction of movement along microtubules much more frequently than do those in the squid giant axon (M. Koonce & M. Schliwa, personal communication) .
Nonetheless, the presence of (a) a unipolar network of microtubules, (b) force-generating proteins that recognize microtubule polarity, and (c) organelles that can preferentially bind or activate these force-generating proteins provide a potential means of sorting organelles in all types of cells. For example, in a neuron organelles that interact with an anterograde motor such as kinesin will be transported along the unipolar microtubule network to the nerve terminal. Conversely, if a retrograde microtubule motor is bound and active, the organelle will be transported to the cell body. Similar sorting schemes may exist in nonneuronal .cells as well. Vesicles derived from the Golgi complex, for example, might bind anterograde motors and be transported to the cell surface, whereas endocytic vesicles might bind retrograde motors and be transported toward the interior of the cell. Specific sorting proteins would then recognize, and mediate fusion with, appropriate membrane targets (Kelly 1985) .
Neither binding of motility proteins to neuronal organelles nor their activation has been demonstrated, so this model is speculative at present. In fish chromatophores, however, some progress has been made in elucidating the signals that control pigment granule dispersion and aggregation. In xanthophores and melanophores ACTH and cAMP induce pigment granule dispersion, and removal of these agents results in the reaggregation of granules to the center of the cell (Schliwa 1984) . The process of dispersion appears to be mediated by a cAMP-dependent protein kinase that phosphorylates a 57-kDa polypeptide associated with the pigment granules (Lynch et al 196a,b; Rozdzial & Haimo 1986b) . It is not clear how phosphorylation of this protein regulates granule motility or whether other cells such as neurons use similar mechanisms for controlling organelle movement. The mechanism of regulation is probably not identical, however, since mitochondria in chromatophore cells do not move in response to the signals that induce granule aggregation and dispersion (Porter & McNiven 1982) .
The fate of organelles and their associated microtubule motility proteins Annual Reviews www.annualreviews.org/aronline VALE upon arrival at their target is unknown. The nerve terminal and cell body are the most probable locations for regulation of axonal transport, i.e. the sites where it is determined which organelles will be transported and in which direction. The organelles moving in the retrograde direction are morphologically distinct from those moving in the anterograde direction (Tsukita & Ishikawa 1980; Smith 1980) , which suggests that membranes are processed and sorted in the nerve terminal prior to being transported.
Once an anterograde motor on the organelle reaches the terminal, it may be degraded or shuttled back to the cell body in an inactive form on organelles travelling in the retrograde direction ( Figure 5) . A more perplexing question is how the retrograde motor arrives at the nerve terminal, since this direction is opposite that of its movement on microtubules. It may reach the terminal simply by diffusion, which is consistent with the seemingly large quantities of soluble motor proteins in the axon. Alternatively, it could be delivered by fast transport as an inactive species on organelles travelling in the anterograde direction ( Figure 5 ). Moving motility proteins as active and inactive species on organelles could allow them to be efficiently shuttled and recycled between the cell body and nerve terminal. Similar recycling pathways have been postulated or described for other proteins involved in shuttling ligands or vesicles between membrane compartments (Steinman ¢t al 1983; Kelly 1985) .
Role of Microtubule-Based Motors in Secretion, Endocytosis, and the Spatial Organization of Organelles
GOLGI-DERIVED TRANSPORT AND ENDOCYTOSIS Microtubules and microtubule-based motility proteins clearly are essential for organelle trans- Figure 5 Hypothetical scheme of recycling and sorting of motility proteins. Organelles may bind an anterograde motor (A) such as kinesin in the cell body, which will enable it to transported to the nerve terminal. Once at the terminal, the motor may be transported by retrograde-moving organelles as an inactive form (A*) back to the cell body. The retrograde transport motor could reach the nerve terminal by slow transport or diffusion (not shown) or by fast axonal transport with the retrograde motor present in an inactive form on organelle surfaces (R*). Activation would occur in the nerve terminal.
Annual Reviews www.annualreviews.org/aronline port in nerve axons, where the distances between the cell body and nerve terminal can be as large as one meter. Most cells are much smaller, however, and diffusion theoretically could account for movement of small organelles between the cell center and plasma membrane. Nonetheless, there is growing evidence that microtubules and their associated motility proteins may play an important role in organelle transport in nonneuronal cells.
The requirement for microtubules in vesicle-mediated secretion has been studied primarily using microtubule depolymerizing drugs such as colchicine or nocodazole. Numerous studies using various types of cells (for example see Boyd et al 1982; Cho & Garant 1981; Redman et al 1975; Busson-Mabillot et al 1982; Malaisse-Lagae et al 1979; Katz et al 1982; Ehrlich et al 1974) have reported that microtubule depolymerizing agents inhibit Golgi-derived protein secretion. Furthermore, when microtubules are reorganized into the spindle during mitosis, very little transport to the plasma membrane occurs (Warren et al 1983; Hesketh et al 1984) , although a great deal of organelle movement is observed on the spindle (Rebhun 1972) . Collectively, these results indicate that microtubules may be involved in transport of secretory vesicles from the Golgi complex to the vicinity of the cell surface.
However, there are several reports that microtubule depolymerizing agents do not affect vesicle-mediated protein transport to the cell surface (Salas et al 1986; Carpen et al 1981; Rogalski & Singer 1984) . Perhaps not all secretory vesicles require transport on microtubules to reach the cell surface; the smallest ones may diffuse efficiently through the cytoplasm. A requirement for microtubules in directing secretion to a particular region of the cell has also been reported in some studies (Rogalski et al 1984; Rindler et al 1987) but not in others (Salas et al 1986) . In fact both Rindler et al (1987) and Salas et al (1986) examined the effects of colchicine on polarized delivery of hemagglutinin to the apical surface of Madin-Darby canine kidney (MDCK) cells and arrived at different conclusions regarding the role of microtubules in this process. The reason for these contradictory results is unclear; however, these discrepancies draw attention to the pitfalls of using colchicine as the sole means of addressing such questions.
The close proximity of the Golgi apparatus and the centrosome also suggests that microtubules are involved in transport of Golgi-derived vesicles. Golgi elements, which are usually near the center of the cell, become dispersed throughout the cell periphery upon addition of colchicine (Wehland et al 1983; Rogalski & Singer 1984) . The Golgi apparatus and centrosome reorient together in migrating fibroblasts and endothelial cells (Kupfer et al 1982; Gottlieb et al 1983) , in corneal cells that are depositing an extracellular matrix (Trelstad 1970) , and in killer T cells Annual Reviews www.annualreviews.org/aronline VALc omplexed to target cells (Geiger et al 1982; Kupfer et al 1983) such that they are closer to the region of preferential secretion. This reorientation appears to be important for directing membrane insertion at the leading edge of migrating cells, as has been demonstrated using the G protein of vesicular stomatitis virus as a marker (Bergmann et al 1983) . Cells that not migrate have a symmetrical arrangement of their Golgi and microtubule-organizing center (Tassin et al 1985; Spiegelmann et al 1979) . Taken together, these findings suggest that microtubules selectively transport secretory vesicles to localized regions of the plasma membrane.
Studies using colchicine indicate that microtubules are important for delivering endocytic vesicles to lysosomes (Wolkoff et al 1984; Kolset et al 1979; Oka & Weigel 1983) . Visualization of endosomes with fluorescent ligands and lysosomes by phase microscopy reveals that these organelles first move in a discontinuous, random manner and then migrate centripetally towards the center of the cell along a microtubule network (Pastan & Willingham 1981; Herman & Albertini 1984) . The retrograde movement of endosomes and lysosomes towards the centrosome and Golgi complex concentrates these organelles. Such concentration most likely increases the probability of fusion of these two types of organelles (Figure 6 ), which could explain why delivery of hormone-receptor complexes from endosomes to lysosomes is greatly diminished during mitosis, when few cytoplasmic microtubules are present (Sanger et al 1984) .
SPATIAL ARRANGEMENT OF FILAMENTS AND ORGANELLES
Microtubuleassociated motility proteins may also be involved in positioning of large membrane organelles in the cytoplasm. Membrane tubules of the endoplasmic reticulum (ER), for example, are aligned in a striking manner with microtubules, particularly in the cell periphery (Terasaki et al 1986) , and also associate with taxol-polymerized bundles ofmicrotubules (Tokunaka et al 1983) . ER tubules gradually retract to the center of the cell after colchicine treatment and migrate out following microtubule tracks when colchicine is washed away (Terasaki et al 1986) . On the basis of these results, one might speculate that the ER interacts with an anterograde microtubule motor such as kinesin and is translocated along the microtubule network to the cell periphery. In fact, Franke (1971) , has observed cross-bridges between the ER and microtubules that are similar in some respects to the cross-bridges linking vesicles to microtubules in squid axoplasm (Miller & Lasek 1985) . Lysosomes, like the ER, can assume tubular morphology and align themselves with microtubules in a macrophage cell line (Swanson et al 1987) . These lysosomes also exhibited saltatory movements characteristic of microtubule-based motility.
The tubule-based motility. A partial correspondence of intermediate filament and microtubule immunofluorescence staining patterns has been observed in some cells (Ball & Singer 1981) . The intermediate filament network collapses to a juxtanuclear position in the presence of colchicine (Wang Goldman 1978; Hynes & Destree 1978; Terasaki et al 1986) . When colchicine is removed and microtubules are allowed to repolymerize, intermediate filaments redistribute to the periphery, often aligning themselves with microtubules. The manner in which these filaments redistribute themselves is intriguing in light of the fact that there is no evidence that there is exchange between intermediate filaments and a pool of subunits, as is true of actin filaments and microtubules. One possibility is that intermediate filaments migrate in the anterograde direction along microtubules using motility proteins. Unlike the ER and intermediate filaments, the membrane stacks of the Golgi are normally found in the center of the cell adjacent to the centrosome and disperse to the periphery when the microtubule network is Annual Reviews www.annualreviews.org/aronline VALE del~olymerized (Wehland et al 1983; Rogalski & Singer 1984) . The Golgi membrane probably interacts with microtubules, since Golgi elements in intact cells associate with ends of microtubules formed by taxol polymerization (Rogalski & Singer 1984) . Allan & Kreis (1987) have found l l0-kDa protein on the cytoplasmic face of the Golgi membrane that binds to microtubules in vitro and cross-reacts with a monoclonal antibody raised against MAP-2. Whether the Golgi apparatus also moves along microtubules is unknown, but it could acquire its central location by interacting with a retrograde motor and being transported along the unipolar microtubule array toward the centrosome.
Very little is known about how nuclei are positioned in cytoplasm, although it may involve an interaction with, and perhaps movement along, microtubule networks (Aronson 1971) . In yeast, for example, nuclear migration during division in Saccharomyces cerevisiae (Pringle et al 1986) and localization of nuclei in the center of Schizosaccharomyces pombe cells (Hiraoka et al 1984) both require microtubules. Nuclear movements Drosophila embryos may also occur along microtubule tracks (Karr Alberts 1986) .
CONCLUSION
Clearly, a number of important biological processes involve microtubulebased motility; however, deciphering the molecular details of such phenomena is difficult unless these events can be studied outside of the cell. Examination of organelle motility, for example, in the relative simplicity of the test tube has provided important insights into how such movements are generated. This general experimental approach has also led to the identification and purification of two microtubule-based motility proteins, kinesin and cytoplasmic dynein, and additional proteins that generate or regulate motility will likely be purified in the next few years. Nonetheless, it should be apparent from this review that little is known of how these microtubule motors function inside living cells. More concrete information on the biological roles of microtubule-based motility proteins will hopefully be gained through investigations of the protein structure and enzymology of known microtubule translocators such as kinesin and dynein and through the use of reagents such as monoclonal antibodies and cDNA clones for microinjection or genetic manipulation experiments. Future research should combine in vitro and in vivo experimental approaches to elucidate how motility proteins move and position organelles in cytoplasm. It is hoped that this review will stimulate an interest in such subjects among investigators working in a variety of disciplines in cell biology. 
